Actinobacillus actinomycetemcomitans smooth variants [SUNY 75(S), SUNY 465, 652] were investigated for their ability to adhere to KB epithelial cells. Both the type of medium (broth versus agar) and anaerobicity influenced adherence levels and cell surface characteristics. Optimal adherence was observed with all three strains after growth of the bacterial cells in broth under anaerobic conditions, a condition which was associated with extracellular microvesicles. Adherence of SUNY 75(S) also was correlated with extracellular amorphous material, whereas adherence of SUNY 465 was also associated with fimbriation which accompanied a smooth to rough phenotype shift. The relationship between adherence and extracellular vesicles, extracellular amorphous material, and fimbriation suggests that all of these components may function in A. actinomycetemcomitans adherence to epithelial cells. The phenotype shift observed in SUNY 465 cells is further evidence that A. actinomycetemcomitans SUNY 465 is predisposed to variant shifts which are associated with changes in adherence and invasion properties.
Actinobacillus actinomycetemcomitans is considered an important pathogen in both adult and juvenile periodontal disease(s) (21, 26, 27, 33) . Nevertheless, knowledge concerningA. actinomycetemcomitans colonization and persistence in the oral cavity is extremely limited. Adhesion ofA. actinomycetemcomitans to epithelial cells, teeth, and other oral bacteria and its invasion into the gingiva are probably initial and essential steps in the pathogenesis of periodontitis.
A significant feature of A. actinomycetemcomitans is its colony variation. Most freshly isolated species exhibit roughsurfaced colonies which are associated with fimbriae (9, 17, 18, 23) . Upon subculture, a change in colonial morphology from rough-to smooth-surfaced colonies occurs (18) . Reversion to rough-surfaced variants has been described for only one A. actinomycetemcomitans strain (14) . Smooth-surfaced variants are not highly fimbriated (9, 18 ), yet they exhibit adhesive properties, suggesting that nonfimbrial adhesins function in A. actinomycetemcomitans adherence (9) . Previously, we used an in vitro invasion model to show that A. actinomycetemcomitans strains with smooth colony morphology invade KB monolayers more proficiently than do those with rough morphology (14) . Since adhesion is most probably a prerequisite for the penetration of invasive organisms into epithelial cells, knowledge of the adhesive properties of smooth-surfaced A. actinomycetemcomitans strains is germane.
Very little research has been carried out on A. actinomycetemcomitans adhesion. A few studies have examined the binding of A. actinomycetemcomitans to hydroxyapatite and salivacoated hydroxyapatite (11, 19) . They indicate that A. actinomycetemcomitans adhesion to solid surfaces is probably mediated by more than one mechanism and suggest that fimbriae may be involved in one of the mechanisms (11, 19) . Studies on adherence of A. actinomycetemcomitans to epithelial cells are even more limited than those on adherence to solid surfaces. One study showed that a fimbriated A. actinomycetemcomitans strain adhered better to mouse epithelial cells than did one which was not fimbriated (19) . Another study showed that A. actinomycetemcomitans 9710, like many of the other oral bacteria studied, adhered poorly to HeLa cells (30) . However, treatment of the HeLa monolayer with either human saliva or serum resulted in increased adherence of A. actinomycetemcomitans (30) .
A modification of the previously used invasion model was used in this study to study the adhesive nature of smoothsurfaced A. actinomycetemcomitans variants. This report supplies important basic information about A. actinomycetemcomitans adhesion to epithelial cells and provides a solid foundation for future studies of adhesion.
MATERIALS AND METHODS
Bacterial strains and growth conditions. A. actinomycetemcomitans SUNY 75(S) (S stands for smooth) and SUNY 465 were obtained from J. J. Zambon glass coverslips (no KB cells) than to confluent KB monolayers (on glass coverslips). Thus, the number of A. actinomycetemcomitans cells which adhered to epithelial cells could be defined only when no glass or plastic was exposed. Therefore, all subsequent studies were carried out with confluent monolayers. Determinations for adherence of bacteria to mammalian cells customarily use a MOI of 50 or 100 bacteria to 1 mammalian cell in a 1-to 2-h assay (8, 22, 24, 29) . When we used 6 x 107 bacteria and 6 x 105 KB cells (confluent monolayer) per well in a 2-h assay, the number of A. actinomycetemcomitans cells associated with the KB cells was well defined for all three strains. Under these (and all other) adhesion conditions, adherence could be assessed accurately, because it was determined that invasion was minimal (fewer than 1% of the total cell-associated A. actinomycetemcomitans organisms were internalized). Typical adherence values (CFU in the assay did not disrupt A. actinomycetemcomitans ag gation.
Effect of incubation period and bacterial number on ad ence to KB monolayers. Adherence of all three strainm creased with increasing bacterial concentrations after aer growth in broth (Fig. 1A) . At all bacterial concentrati SUNY 75(S) adhered better than SUNY 465, which adh better than strain 652. At a MOI of 1,500:1, adherence strain 652 had leveled off, whereas for SUNY 75(S) and St 465 it was still increasing. The kinetics of adherence of three A. actinomycetemcomitans strains is shown in Fig. 11 these determinations a MOI of 800:1 in a 2-h assay was u because at these concentrations the differences in adhe were defined, but saturation of the epithelial cells was evident for any strain. Adherence of both SUNY 75(S) SUNY 465 increased with time over the 6-h assay. Beyond the number of CFU recovered decreased for SUNY 75(S) increased for SUNY 465. The decreased number of St 75(S) was due to loss of KB cells (as determined by mi scopic examination), which was most probably the resul highly acidic medium in the SUNY 75(S) wells. In contra, SUNY 75(S) and SUNY 465, adherence by strain 652 teaued after 4 h. In other kinetic experiments with SUNY at lower MOI (100:1 and 250:1) and time points less than a lag period was detected before adherence accelerated ( not shown). 
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Comparison of adherence of aerobically and anaerobically grown broth cultures. All three strains adhered better when grown in broth anaerobically than when grown aerobically (Table 2) . Adherence by anaerobically grown SUNY 75(S) and 465 cells was about 1.5-fold greater than by those aerobically grown, whereas anaerobically grown strain 652 cells adhered 2.4-fold better than did those grown aerobically.
Adherence of aerobically and anaerobically grown stationary-phase agar cultures. Adherence of SUNY 75(S) and SUNY 465 was substantially lower after growth on agar than after growth in broth under both aerobic and anaerobic conditions ( Table 2 ). The difference on agar was not as clear-cut for strain 652, since aerobically grown stationaryphase broth cultures of strain 652 exhibited very low adherence levels ( Table 2 ). In contrast to what was observed after broth culture, only SUNY 465 showed a difference in adherence when cultured anaerobically versus aerobically on agar. More specifically, after both aerobic and anaerobic growth on agar, SUNY 75(S) no longer exhibited the high levels of adherence which occurred after broth culture. Instead, its adherence was actually lower than that of the other two strains ( Table 2) . SUNY 465 cells cultured anaerobically on agar adhered threefold better than did those cultured aerobically (Table 2) , and cultures generated from assays contained a heterogeneous population with numerous colonies exhibiting a rough phenotype rather than the usual homogeneous smooth phenotype. There was a good correlation between the number of rough colonies and the extent of adherence; the greater the number of rough colonies, the greater the extent of adherence. By contrast, no morphological differences were observed between anaerobically grown agar cultures of either SUNY 75(S) or strain 652.
Surface ultrastructure of A. actinomycetemcomitans strains. Electron microscopy revealed that the three strains had distinct surface characteristics. Under the various growth conditions, small vesicles (ExVes), fibrillar membranous extensions with knob-like ends (MemVes), extracellular amorphous material (ExAmMat), and fimbriae were observed in association with one or more of the strains (Fig. 2) . Details are presented below. A comparison of the surface ultrastructures and adherence levels exhibited by the three strains under the various culture conditions appears in Table 3 .
(i) SUNY 75(S). After aerobic growth in broth, SUNY 75(S) cells were enmeshed (singularly and in groups) in ExAmMat which completely obscured the cell surface ( Fig. 2A) . After anaerobic growtii in broth, SUNY 75(S) cells did not exhibit ExAmMat; however, ExVes were associated with their surface (Fig. 2B) . After both aerobic (Fig. 2C) and anaerobic (Fig. 2D ) growth on agar, SUNY 75(S) cells were associated with large amounts of MemVes but no ExAmMat or ExVes.
(ii) SUNY 465. After aerobic growth in broth, SUNY 465 cells were associated with small amounts of ExVes (Fig. 2E) ; the number of ExVes increased substantially after anaerobic broth culture (Fig. 2F) . After aerobic growth on agar, SUNY 465 had copious amounts of MemVes but few if any ExVes (Fig. 2G ). MemVes were not prominent after anaerobic growth on agar. Instead, fimbriae in peritrichous array were associated with many SUNY 465 bacteria (Fig. 2H) .
(iii) Strain 652. After aerobic growth in broth, the surface of strain 652 had little or no surface-associated material (Fig. 21) . However, after anaerobic growth in broth its surface was associated with a number of ExVes (Fig. 2J) . A few ExVes were also associated with strain 652 after both aerobic (Fig.  2K) and anaerobic (Fig. 2L ) agar growth.
In summary, ExVes were associated with all strains under certain growth conditions, whereas only SUNY 75(S) and SUNY 465 ever exhibited MemVes. Fimbriae were observed only on SUNY 465 and only when the cells were grown anaerobically on agar. VT 749, the broth-generated rough variant of SUNY 465, exhibited no fimbriae (data not shown). ExAmMat was associated only with SUNY 75(S) and only after aerobic growth in broth.
SDS-PAGE protein profiles of whole-cell extracts. Wholecell extracts of cultures grown under the conditions noted above were analyzed by SDS-PAGE to determine whether there was any correlation between protein-banding patterns and adherence levels. The protein profiles of aerobic broth cultures of the three strains exhibited numerous bands. The banding patterns were for the most part the same, although occasional banding differences occurred (data not shown). There was no clear-cut correlation between the presence or absence of specific protein bands and the high degree of adherence exhibited by SUNY 75(S). The protein profiles were modified in response to other culture conditions, which also, in certain instances, affected adherence. However, in many instances it was impossible to interpret the data accurately because of the abundance of bands in the gels, including many doublets revealed by silver staining.
Cell surface hydrophobicity. More than 89% of the cells of all three strains remained in the aqueous phase after aerobic and anaerobic growth on agar, which indicates that their cell surfaces possess strongly hydrophilic properties (Table 3) . Whereas more than 87% of the cells of SUNY 465 and strain 652 remained in the aqueous phase after aerobic and anaerobic broth culture, for SUNY 75(S) only about 80% did. This suggests that the surface of SUNY 75(S) cells may be slightly less hydrophilic than that of the other two strains after broth culture (Table 3) .
Influence of SUNY 465 immune serum on adherence. Subagglutinating concentrations of SUNY 465 immune serum produced a modest decrease in the adherence of SUNY 465 to KB cells (data not shown). A maximum decrease (26%) was observed at a 1:400 dilution. At a 1:1,600 dilution a 19% decrease in adherence occurred, whereas at a 1:3,200 dilution the number of CFU recovered was the same after pretreatment with immune and preimmune serum.
Consequences of sugar treatments. Cells were subjected to treatments with various sugars to determine whether carbohydrate-specific lectins on the surface of A. actinomycetemcomitans cells are involved in adherence. The sugars tested, i.e., mannose, mannan, glucose, galactose, fucose, and rhamnose, are some that are specific for lectins (including fimbriae) on the surface of Escherichia coli (1, 16) , Fusobacterium species (15), Vibrio cholerae (10) , and a Capnocytophaga species (a gram-negative oral bacterium that mediates coaggregation with gram-positive oral species) (31) . None of the sugars caused decreased adherence of any of the three strains.
DISCUSSION
This report is the first in-depth comparative study describing the adherence of A. actinomycetemcomitans organisms to epithelial cells. All three smooth A. actinomycetemcomitans strains adhered to KB epithelial cells. The adherence characteristics and cell surface of strain 652, a nonleukotoxic strain, differed markedly from those of the other strains. Whether a correlation exists between the leukotoxin phenotype and adherence remains to be determined. The kinetics and saturation studies showed that adherence by strain 652 reached saturation. Although the degree of adherence by SUNY 75(S) was greater than that by SUNY 465, saturation was not attained with either strain. We believe that saturation of SUNY 75(S) Both the type of medium (broth or agar) and the anaerobicity influenced adherence levels and cell surface characteristics of all strains. A relationship between adherence levels and specific cell surface components (ExAmMat, ExVes, and fimbriae) was observed, which suggested that these components play a role in A. actinomycetemcomitans adherence to epithelial cells. After aerobic growth in broth, SUNY 75(S) cells were associated with ExAmMat and adhered significantly better than the other two strains, which were not associated with ExAmMat. A recent report from our laboratory confirms the adhesive nature of ExAmMat (13) . We demonstrated that the high adherence level exhibited by SUNY 75(S) cells after aerobic growth in broth was decreased substantially after the cells were washed with PBS (13) . Furthermore, adherence of other A. actinomycetemcomitans strains was increased in the presence of SUNY 75(S) ExAmMat (13) .
The present study also suggested a correlation between adherence and ExVes. In this regard, we recently reported that ExVes isolated from SUNY 75(S) cells increase adherence of both SUNY 465 and strain 652 to epithelial cells (13) . Interestingly, adherence by A. actinomycetemcomitans strains associated with copious amounts of MemVes was low. Since ExVes bud off from MemVes, this finding was somewhat surprising, and at present we have no explanation for it. One possibility is that MemVes and ExVes have identical properties but that the fibrillar network of the MemVes interferes in some way with the adherence process. Another possibility is that the adherence capability associated with ExVes arises during the budding-off process. Recently it has been shown that components associated with fibrillar projections which emanate from the surface of Salmonella typhimiurium are involved in adherence and invasion-signaling mechanisms (3). A. actinomycetemcomitans MemVes and the fibrillar projections of the Salmonella strain appear morphologically similar, which suggests that MemVes of A. actinomycetemcomitans could be involved in a similar signaling mechanism. Studies to determine the nature of ExVes-associated adherence are under way. Extracellular vesicles associated with Porphorymonas gingivalis, an oral pathogen also implicated in periodontal disease, function in attachment (25) , and it has been reported that they bear fimbriae (6) .
SUNY 465 immune serum raised against whole bacteria produced only a modest decrease in adherence. This suggests that the adhesin(s) may not be very immunogenic. The immunological response of many patients with periodontitis is directed primarily toward a protein with a molecular mass of 29 kDa, with little reactivity toward other antigens (32) . The immunogenic response to this antigen may be so great that it dominates the immunological mechanism and necessitates the generation of immune sera raised to specific cell surface components. Previously we reported that SUNY 465 immune serum inhibited invasion of SUNY 465 by as much as 90% (28) . Since SUNY 465 immune serum had little effect on adherence, it indicates that A. actinomycetemcomitans adhesion and invasion mechanisms do not share a common antigen.
Gibbons et al. reported that the cell surface of A. actinomycetemcomitans was very hydrophilic (4), whereas others who used different hydrocarbons found A. actinomycetemcomitans to be hydrophobic (7, 12) . In this study we used methods identical to those of Gibbons et al. (4) . All three A. actinomycetemcomitans strains were very hydrophilic, and there was essentially no correlation between hydrophobic tendencies and adherence to epithelial cells. Our studies suggest that although hydrophobic interactions may contribute in a subordinate way to the overall adherence mechanism, it is unlikely that hydrophobicity per se is a major factor in A. actinomycetemcomitans adherence. Widespread discrepancy with regard to cell surface hydrophobicity of A. actinomycetemcomitans is most probably the result of the use of different experimental conditions (4, 7, 12 ; see above) and indicate that caution must be used when comparisons are made and conclusions are drawn.
These studies and those of others demonstrate that A. actinomycetemcomitans cells have fimbriae and suggest that fimbriae most probably play some role in A. actinomycetemcomitans adherence (5, 9, 17, 23 (18) . The smooth-to-rough variant shift which we observed after anaerobic growth of SUNY 465 cells on agar was accompanied by cell fimbriation and increased adherence. Under the same conditions, SUNY 75(S) cells did not undergo a variant shift, nor did they become fimbriated, and their adherence level was increased by only 50%. VT 749, the broth-generated, poorly invasive (14) rough variant of SUNY 465, is highly adherent but does not exhibit fimbriae. Scannapieco et al. reported that after agar culture, SUNY 75(R) cells grown anaerobically had more fimbriae than those grown aerobically but that neither had fimbriae after broth culture (23 (9) .
In summary, certain A. actinomycetemcomitans strains are capable of undergoing a variant shift which is associated with changes in adherence and invasion properties. We propose that fimbriae most probably function in adherence of rough variants, whereas nonfimbrial components (such as vesicles) are probably involved in adherence of smooth, highly invasive strains. Since many clinical isolates of A. actinomycetemcomitans exhibit a rough colony morphology, it seems likely that the variant shift is relevant to the in vivo situation. Certain oral environments might favor rough, highly adherent variants which advance colonization. Other conditions in the everchanging oral environment might trigger a shift to smooth variants which promote invasion. Variant shifts of this nature could contribute to the cyclical nature of periodontal disease.
